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The recently discovered evidence][1,2] for live ¥2Hf in the
early solar system opens up important new possibilities for
constraining time scales for r-process nucleosynthesis in the
Galaxy[3]. The fascinating puzzle that emerges is that 12Hf
does not “fit” with the other short-lived r-process radioactivi-
ties. From one point of view, the inferred ®2Hf/*®°Hf valuein
the early solar system, ~ 3 x 10™*, agreeswell with the value
one estimates to be present in molecular cloud coreg[3]. The
problem is that in this case the other r-process radioactivities
have meteoritic values much larger than their steady synthesis
values in molecular cloudg3,4]. On the other hand, alow-
ing along free-decay interval for steady-state **°I to reach its
meteoritic value would give too little *¥2Hf. An obvious con-
clusion would be that the r-process yields of the short-lived
radioactivities can vary from supernova to supernova

For varying yiel ds to be the explanation of the non-steady-
state abundances of the short-lived r-process radioactivities,
contributions from individual supernovae must play a crucial
role. Inthiscase, we must find someway of following theindi-
vidual supernovae. To do this, we have chosen to make Monte
Carlo calculations of the galactic evolution of the abundances
of the r-process short-lived radioactivities and the stable ref-
erence isotopes 107’108Pd, 129,127| i 182’180Hf, and the 244Pu_238U
pair. We modeled a large part of the Galaxy as a string of 30
regions, each region containing 10® solar masses. We think
of the total 3 x 10° solar masses as an annulus comprising
3% of the Galaxy. Each region contained a hot zone, awarm
zone, and amolecular cloud lying completely within the warm
zone. Each region communicated with its neighbors via their
hot zones on a time scale of 107 years. Material also moved
from hot zone to warm zone and from warm zone to mol ecular
cloud on time scales of 5 x 107 years.

We took the average Galactic rate of supernovae over the
course of the Galaxy's history to be one supernova every 30
years. From the solar system’s mass fractions of %®pPd, 1271,
180Ht, and 28U, the r-process production ratios of the radioac-
tive species, and from correctionsfor contributions from the s-
process, we estimated the average yield of the relevant species
from each supernova. We then took the average Galactic su-
pernova rate near the time of the solar system’s formation
(which we took to be 10'° years after Galaxy formation) to
be one (r-process producing) supernova every 300 years. Our
reasoning here is that the star formation rate in gaaxies fals
with time on atime scale of ~ 3 x 10° years (see e.g. [5]).
Thus, the supernova rate at the time of solar system formation
is smaller than the average. With a Galactic supernova rate of
one every 300 years, we have on average one supernova every
10000 yearsin our annulus. For our Monte Carlo calculation,
we lay down supernovae randomly in warm zones in the an-
nulus, distributed in time in agreement with Poisson statistics.
We evolve the system over the last 6 x 108 years before solar
system formation, which means we follow ~ 6 x 10* super-

novae in the annulus. At 10 years, we record the ratios of
radioactive to stable or long-lived species in each molecular

cloud.

In our first calculation, we assumed all supernovae pro-
duce the same amount of r-process nuclei and the nuclei are
made in their solar proportions. Figures 1-4 show the distri-
bution of the the various r-process ratios among the molecular
clouds at time 10™° years after Galaxy formation. The ratios
for 1Pd/*®pd and 21/**'] are within a factor of ~ two of
the values inferred to be present in our solar system at itsfor-
mation (denoted for each case by the arrow). The agreement
results because we have alow (r-process producing) supernova
rate near solar system formation. Clearly the *¥2Hf/®°Hf and
244py/ 238 ratios do not agree with the suggested solar system
values of 3 x 10™* and 7 x 10°, respectively. A larger super-
novarate (e.g. the canonical rate) could solve this problem but
would throw off the other two ratios.

In an attempt to get the 82Hf and 2**Pu consistent with
107pd and 12°1, we followed the suggestion of [3] that r-process
yields may vary from supernova to supernova. We assumed
that al of our supernovae made Pd and I, but that certain rare
ones (we took these to be 1% of all supernovae) were the
dominant producers of Hf, U, and Pu. Of course these rare
supernovae had to have enhanced yields in order to account
for the solar system’s supply of stable Hf and long-lived ¥°Hf.
We took this enhancement factor to be 90. Thus the rare
supernovae produce 90% of al r-process Hf, U, and Pu. The
ideaisthat on average the ®2Hf will be low with respect to the
putative meteoritic value, but some molecular cloud or clouds,
by virtue of fluctuations in the rate or location of supernovae,
might have a*82Hf/*®Hf ratio near 3 x 10™*. Figures5-8 show
theresults of this calculation. Thereis more of aspread in the
Hf ratio, but no cloud is close to having a ratio of 3 x 1074,
Similarly, the2**Pufails, although thereisdlightly more spread
to the distribution.

Our conclusion isthat it isindeed very difficult to recon-
cile alarge *¥Hf/*°Hf ratio with that for the other r-process
radioactivities. It may be that Hf-producing supernovae are
even rarer than we have considered here or that other mixing
time scales and supernova rates are more appropriate. We
are pursuing further Monte Carlo calculations to explore these
possihilities.
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